In order to establish hypoxia tolerance thresholds for Atlantic salmon (Salmo salar) in the on-16 growing phase, the effect of temperature (6, 12 and 18 °C) and hypoxia acclimation (33 days 17 of hypoxic periods occurring every 6 hours at 16 °C) on the oxygen consumption rate (MO 2 ) 18 and limiting oxygen concentration (LOC; referred to as the hypoxia tolerance threshold) was 19 investigated in fish were kept under production-like conditions (fed, undisturbed and freely 20 swimming fish in tanks). Further, the effects of temperature and oxygen on the relationship 21 between gill ventilation frequency (Vf) and MO 2 were studied in order to evaluate Vf as an 22 indicator of MO 2 . Both MO 2 and LOC were found to increase exponentially with temperature 23 (Q 10 =2.7 for MO 2 and 1.4 for LOC), while hypoxia acclimation resulted in a tendency for 24 reduced MO 2 , but no lowering of LOC. The mean LOC at 6, 12, 16 and 18 °C were 2.9, 3.4, 25 3.8 and 4.3 mg L -1 , respectively. A strong correlation between MO 2 and LOS (LOC given in 26 units of oxygen saturation) was found (R 2 =0.93), regardless of temperature, suggesting that 27 measurements of MO 2 can be used to estimate the LOS of post-smolts. Vf was considered a 28 reliable estimator of MO 2 in normoxic conditions, but not during reductions in oxygen, due to 29 the increasing Vf, and relatively stable MO 2 as oxygen declined towards LOC. 30 31
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Introduction 32
Temperature is the main controlling factor of fish metabolism (Fry, 1947 (Fry, , 1971 , and 33 is therefore essential when determining the dissolved oxygen (DO) requirement of cultured 34 fish. The effect of temperature on the DO requirement of Atlantic salmon (Salmo salar) in the 35 sea water phase is however largely unknown (reviewed by Thorarensen and Farrell, 2011) , 36 and makes it difficult for legislators and aquaculturists to assess whether observed DO levels International, Denmark, http://www.oxyguard.dk) and salinity (Liquisys MCLM223/ 253 126 probes) continuously (1 minute averages). Oxygen probes were calibrated in air once a week. 127
Illumination was constant and provided by one fluorescent light tube per tank. 128 (28.2±0.1cm) were measured on 11 February (Table 1) . Upon transfer, fish were kept in the 134 same water quality as in the outdoor tank (salinity 34 g L -1 , temperature 8-9 °C), and 135 temperature was gradually increased (1 °C per day) to 12 °C by 24 January. A water flow 136 through rate of 20 L min -1 kept oxygen levels above 7 mg L -1 (measured in tank outlet) until 137 30 March, the day before experiment start-up. From this day on and throughout the 138 experiment, oxygen levels were maintained at ~100% of air saturation by an automatically 139 controlled addition of super-saturated sea water (~400% of air saturation), except during LOC 140
measurements. 141
The fish in all four experimental tanks were subjected to three subsequent changes in 142 temperature, from 12 to 18 °C (day 0), 18 to 12 °C (day 20) and 12 to 6 °C (day 29), and were 143 allowed to acclimate to the new temperature for 8-15 days before measurements of MO 2 and 144
Vf were performed (days 15, 28 and 42). During the entire experimental period, fish were fed 145 to satiation twice daily (09:30-10:30 and 14:00-15:00), aiming at ~40% surplus of feed. On 146 LOC measurement days, fish were fed to satiation 1-2 h before the initial reduction in oxygen 147 below 100% of air saturation, and the feed intake was estimated according to the method 148 described by Helland et al. (1996) . The weights and lengths of fish were recorded on day -48 149 and four days after the last LOC measurement (day 46), following the procedure described in 150
Remen et al. (2012) (see Table 1 ). Mean weights (±SEM) on LOC measurement days were 151 estimated to be 425±7 g (18 °C), 460±8 g (12 °C) and 501±10 g (6 °C), based on overall 152 specific growth rates. 153 distributed among 12 indoor circular tanks (Ø=3 m, ~5600L) supplied with 9 ºC sea water (34 157 Prior to measurements of MO 2 and LOC, the post-smolts were acclimated to periodic 162 hypoxia of different severities for 33 days at 16 °C. Hypoxic periods were chosen over 163 constant hypoxia, as this is more likely to occur in on-growing production in sea cages (e.g. were either kept at constant 6.4 mg O 2 L -1 (80% of air saturation, referred to as "control" and 168 "normoxia"), or subjected to 1 h and 45 minutes periods of reduced DO every 6 h, to either 169 5.6 (70% of air saturation), 4.8 (60% of air saturation) or 4.0 mg O 2 L -1 (50% of air 170 saturation) (Fig. 1 ). Groups were termed 80:80, 80:70, 80:60 and 80:50, based on the oxygen 171 saturation in normoxia: hypoxia. The desired oxygen levels were maintained by controlling 172 tank water flow rates, while the water current in the tank was upheld using a submerged pump 173 (capacity of 120 L min -1 ) varying in supply depending on the amount of inflowing water. 174
Throughout the acclimation period, fish were fed to satiation (~25% surplus of feed) twice 175 daily in normoxic periods. Before the LOC measurement on day 33, the latest hypoxic period 176 and the morning feeding period were finished approximately 6 and 4 hours prior to the initial 177 reduction in DO below 100% of air saturation, respectively. The weights and lengths of fish 178
were registered on the day following LOC measurements (Table 1) For the lidded experimental tanks in Exp I, the influx was found to be so small that it 206 could not be identified and therefore is considered negligible. 207
In Exp II, DO in tanks was elevated to 110-120% of air saturation by addition of 208 supersaturated water, before this supply was turned off and flow reduced to 3 L min -1 . For the 209 large experimental tanks used in Exp II, the influx of oxygen at DO below air saturation was 210 significant, and added to the calculation of tank MO 2 . The diffusion constant, k, was estimated 211 to be 0.00135, by finding the value of k that maximized the correlation between the observed 212 and modeled increase in oxygen saturation after oxygen-stripping (R 2 =0.9997). 213 214
Gill ventilation frequency 215
The ventilation frequency (Vf, gill movements per minute) was monitored for all LOC 216 measurements in Exp I. Vf was registered in each tank for approximately every 10% decrease 217 in oxygen saturation, by measuring the time needed to perform 14 gill movements in 10 fish 218 and calculating the average. 219 220
Calculations and statistics 221
The specific growth rates (SGR) that was used to estimated weights of fish on LOC 222 measurement days in Exp I, was calculated according to SGR= (e 
The effect of temperature on feed intake, MO 2 and LOC 270
The feed intake (FI, % of biomass) of post-smolts during the meal preceding LOC 271 measurements in Exp I increased with temperature, and a logarithmic relationship between 272 temperature and FI was found (R 2 = 0.93, p<0.001) (Fig. 3A) . During the time period needed to reduce DO from normoxic levels to LOC (1.5-4.5 h), 288 MO 2 was generally found to decline. The time used to reduce DO to LOC, and the reduction 289 in MO 2 within this period is presented in Table 2 . Two out of 12 LOC measurements were 290 excluded due to non-significant Davies tests, and in one case, no breakpoint could be 291 estimated. 292 293
The relationship between MO 2 and LOS 294
A strong correlation between MO 2 and LOC was found (R 2 =0.86, p<0.001, Fig. 4A ). 295
The recalculation of LOC into LOS (limiting oxygen saturation, expressed as % of air 296 saturation) (Fig. 4B ) reduced residual error, increasing R 2 to 0.93 (p<0.001, Fig. 4B ). In order 297 to determine whether LOS can be determined by MO 2 , across experimental temperature and -298 conditions, data from the present study was compared with data from Barnes et 
The combined effect of temperature and oxygen on Vf 319
The ventilation frequency (Vf) increased both with temperature and declining oxygen 320 levels, until LOC Vf was reached. Below LOC Vf , Vf declined (Fig. 6A) . No significant 321 differences between LOC and LOC Vf were found at any of the temperatures (One-way 322 ANOVA, p>0.05) ( Table 2 ). Both the Vf in normoxia (Vf norm ; Vf at 90% of air saturation) 323 and at LOC Vf (Vf max ) were closely related to MO 2 , and data were fitted with second-order 324 polynomial relationships (R 2 =0.98 and 0.99) (Fig. 6B ). For data obtained at 18 °C, the 325 6B). 327 oxygen transfer is more dependent on water oxygen tension than oxygen concentration, at 365 least when DO is reduced to levels around LOC, where gill ventilation is at its maximum. 366 Therefore, assessment of whether Atlantic salmon are provided with DO above their hypoxia 367 tolerance threshold may be more accurate using oxygen saturation than concentration. 368 369
Hypoxia tolerance thresholds for post-smolts in production conditions 370
Using the relationship between MO 2 and LOS presented here, the hypoxia tolerance 371 610 Fig. 2 A- 3   4   3 3  3 3 3  3 3 3 3 3 3 3  3 3 3 3 3  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3  3 3 3 3 3 3 3 3 3 3 3  3 
